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Abstract
This paper presented a quantitative investigation on the alteration of cell biological functions in relation to the change of
mechanical properties of single cells. Leukemia NB4 cells were used as cell line. The dielectrophoresis (DEP) method was
utilized to verify the mechanical properties variation of NB4 cells under the electric field treatment. A quantitative study of cell
mechanical properties was then carried out using optical tweezers (OT), and cell biological properties using gene expression
measurement. The result shows cell stiffness decreased after electric treatment. Biological properties related to cell motility,
structure, apoptosis, migration, invasion, and metastases changed with cell mechanical properties variation.
Keywords Quantitative investigation .Mechano-biological interrelationship . Optical tweezers . Dielectrophoresis
1 Introduction
Considerable literature works have shown that various cell
functions, such as cell differentiation, aging, apoptosis, and
metastatic potential of cancer cells, are all related to the cell
mechanical properties [2, 10, 15, 18, 19, 23, 24]. A number of
studies have proven that the alteration of biological functions
has close correlation to the change of mechanical properties of
cells. For instance, mouse embryonic stem cells (mES) were
approximately 10-fold softer than their differentiated counter-
part cells [5]. Human mesenchymal stem cells undergoing
osteogenesis had Young’s modulus twofold higher than their
primitive control group [28]. Cardiomyocytes derived from
human embryonic stem cells (hESC) were stiffer than hESC
[16]. Human dermal fibroblasts from young donors (< 25
years) were considerably stiffer than cells from older donors
(> 30 years) [29].
On the other hand, how the change of mechanical proper-
ties can lead to alteration of the biological behaviors of cells
has also drawn increasing attention in recent years. Some ex-
plorations have been reported in the literature. Mechanical
tension, no matter generated by cell’s cytoskeleton or external
force applied to the cell surface, was shown to regulate cell
division and growth [3, 14], or orient the transcriptional ma-
chinery and drive cell differentiation [8]. Mechanical proper-
ties of single cells were found to be akin to gene and protein
expressions, hence distinguishing the difference in cellular
subpopulations, disease state, and tissue source [7]. α3-
integrin, the tetraspanin CD9 gene expression, was signifi-
cantly upregulated in stretched podocytes [4]. Despite useful
findings from these studies, a quantitative understanding on
how the cell biological functions is altered as the change of
cell mechanical properties is still limited.
In this work, DEPmethod was utilized to verify the mechan-
ical properties variation of NB4 cells under the electric field
treatment (20 V). The cell cytoskeleton structure alteration
and gene expression were also examined. A quantitative inves-
tigation was then presented on the mechano-biological interre-
lationship of cells exposed to different electric field intensities
by using of OT. Electric fields with voltages of 5, 10, and 20 V
were applied on NB4 cells as mechanical stimuli. The mechan-
ical properties of these electric field–exposed cells were com-
pared with those of the control group by stretching single cells
using an OT manipulation system. Gene expression was tested
through real-time PCR. Immunofluorescence microscopy was
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used to observe changes in F-actin cytoskeleton structures. An
actin microstructural model was used to determine cytoskeleton
structural parameters. Cell stiffness decreased after electric
treatment. For cells from both the control and the electric
field–treated group, gene expression of β-actin, Bcl-2, and
CXCR4 were measured.
2 Materials and methods
2.1 Cell culture
Leukemia NB4 cells were cultured in RPMI-1640 medium
(11875085, Gibco) supplemented with 10% fetal bovine se-
rum (10270106, Gibco) and 100 U/mL penicillin and strepto-
mycin (15240-062, Gibco). All cells were maintained in a
humidified incubator set at 5% CO2 and 37 °C environment.
2.2 Electric stimulation device
NB4 cells and medium were placed in a designed chamber
with two layers of PDMS mixed by carbon power as elec-
trodes. Different voltages of 5, 10, and 20 V were supplied
to the chamber by a signal generator at the frequency of 500
KHz as shown in Fig. 1. The chamber was placed in the cell
culturing incubator to keep the cells alive. The deformation–
exposure time curve of NB4 cells reached the saturation re-
gion at approximately 10 min [13]. After 10 min of exposure,
NB4 cells were centrifuged and divided into different groups
for mechanical stretching, confocal imaging, and gene expres-
sion measurements. Cell viability before those measurements
was 90 ± 2%.
2.3 Optical stretching
Streptavidin-coated polystyrene beads (Bangs Lab) were in-
cubated in phosphate-buffered saline with biotin-conjugated
concanavalin A (ConA, Sigma) at room temperate for 30 min.
ConAwas coated on the beads through avidin–biotin interac-
tion. Then, ConA-coated beads were added to the cell solution
and incubated at 37 °C for 30 min. In the presence of Ca2+ and
Mn2+, ConA-coated beads were bound to the cell membrane
and acted as handles for optical manipulation. Stretching ma-
nipulation experiments were conducted using the OT system
(BioRyx 200; Arryx) with the resolution of pN [18, 25, 26].
2.4 Actin cytoskeleton microstructural model
The actin cytoskeletonmicrostructural model developed in the
previous work [18] was utilized to interpret the mechanism by
which the structural parameters of the F-actin altered the me-
chanical behavior of theMSCs and adipocyte progenitor cells.
The actin cytoskeleton microstructural model was represented
by three-dimensional actin cytoskeleton random network with
actin-binding proteins (ABPs) randomly distributed within the
network [18, 19].
2.5 Immunostaining and fluorescence microscopy
to demonstrate cytoskeleton structural variation
The variation in cytoskeleton structures of the cells exposed to
electric field can be observed by immunofluorescence micros-
copy. The treated and control cells were fixed with 4% para-
formaldehyde and then permeabilized with 0.5% Triton
X-100 for 10 min at room temperature. Then, the cells were
blocked with 10% BSA in PBS for 20 min at room tempera-
ture to block nonspecific adhesion. Then, the actin cytoskele-
ton was stained with 0.33 μM rhodamine phalloidin for
10 min at room temperature. Images were obtained using a
Leica SPE Laser Confocal Microscope.
2.6 Quantitative real-time PCR test to identify
the biological properties of cells
Total RNA was extracted from the cells with Trizol re-
agent (Ambion) in accordance with the manufacturer’s in-
structions. Reverse-transcribed cDNA was produced with
iScriptTM cDNA Synthesis Kit (Bio-Rad, Cat No170-
8890). Real-time quantitative PCR amplification was per-
formed with SsoAdvanced SYBR Green Supermix Kit
(Bio-Rad, Cat No. 1725260) in CFX96 Real-time System
(Bio-Rad, USA). The specific primers used in analyses are
listed in Table 1.Fig. 1 Electrical stimulation device
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2.7 Examination of cell mechanical and biological
properties under electric field treatment
To quantitatively investigate the interrelationship between cell
mechanical properties and cell biological functions after elec-
tric field treatment, we need to verify the mechanical proper-
ties and biological properties were changed under electric field
exposure, as the applied force range of DEP is much higher
than OT (Bai et. al [1]), indicating that the deformation of cells
may be more obvious under DEP stretching. So DEP method
was utilized to verify the mechanical properties variation of
NB4 cells under the electric field treatment (20 V).
NB4 cells were treated by the electric field stimulation de-
vice mentioned in Fig. 1, then stretched using the DEP
microfluidic chip [1, 21, 22]. The voltage was set to 0.3, 0.6,
0.9, and 1.2 V for the 20 V-treated NB4 cells, which was trans-
lated to DEP force as 0.2, 0.6, 1.4, and 2.5 nN respectively. For
the control group, the 0.3- to 1.2-V range was not suitable for
stretching as cells did not show obvious deformation, so the
electric filed was set as 1.5, 2.0, 2.5, and 3.0 V, translated to
DEP force as 1.6, 2.9, 4.5, and 6.5 nN respectively. The
stretching schematic was shown in Fig. 2.
The comparisons of the normalized deformation from con-
trol and treated groups were shown in Fig. 3. The stiffness of
NB4 cells decreased after treated by 20-Velectric field as the
slope of force–deformation curve became smoother steeper
after treatment, indicating that the treated samples were softer
and easier to be stretched than control group.
We then examined the cytoskeleton alteration of NB4 cells
after electric field exposure. Myosin II and β-tubulin, two of
important cytoskeleton structural proteins, were examined
through immunostaining and fluorescence microscopy. As
seen in the Fig. 4, after electrical stimulation, the distribution
of β-tubulin became much more widespread and the density
of myosin II decreased significantly. These findings indicated
that the change of NB4 cell stiffness after electric field expo-
sure might result from the alteration of cytoskeleton protein
distribution.
Real-time PCR test was then utilized to verify the biolog-
ical properties variation of NB4 cells after electrical stimula-
tion. Typical genes related to cell biological behaviors, such as
β-actin, Bcl-2, and CXCR4, were measured. As seen from
Fig. 5, the expressions of the three genes all changed signifi-
cantly, indicating that some of the biological properties of
NB4 cells were changed after electrical stimulation.
Table 1 Specific primers used in RT-PCR
Gene Forward primer (5′-3′) Reverse primer (5′-3′)
β-actin CATCCTCACCCTGA
AGTACCC
AGCCTGGATAGCAA
CGTACATG
Bcl-2 GACTGAATCGGAGA
TGGAGACC
GCAGTTCAAACTCG
TCGCCT
CXCR4 CCAUGAAGGAAC
CCUGUUUTT
AAACAGGGUUCCUUC
AUGGTT
Fig. 2 NB4 cells stretched by DEP (left is the image of the
microelectrode and right is the stretching process of a NB4 cell under
different voltages)
Fig. 3 Deformation of NB4 cells stretched by DEP
Fig. 4 Cytoskeleton protein density alteration after electric field exposure
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2.8 Quantitative investigation
on the interrelationship of cell mechano-biological
properties under electric field treatment
As we had verified that electrical stimulation would cause the
alteration of cell stiffness, the cytoskeleton structure, and the gene
expression of NB4 cells, a quantitative investigation on the inter-
relationship of cell mechano-biological properties under different
electrical stimulation conditions was then studied using OT, as
OT method is more suitable with the actin cytoskeleton model.
2.9 Stiffness measurement of cells treated by electric
field using OT
After the cells were stretched with optical tweezers, the stiffness
values of the cells treated with electric stimulation at voltages of
5, 10, and 20 V were measured and compared with those of the
control group. Figure 6 illustrates the force–deformation rela-
tionship obtained by both experiment and modeling. Within
each applied force range, the normalized deformations of the
electric field–treated cells were larger than those of the control
group under the same stretching force (p < 0.01), indicating that
the stiffness of the NB4 cells decreased after they were subject-
ed to electric treatment. This result was consistent with those of
previous findings about AFM-characterized mechanical prop-
erties of osteoblasts and hMSCs [17]. Figure 6 also shows that
the modeling results of the NB4 cells matched well with the
experimental results. The estimated actin cytoskeleton parame-
ters could be extracted by fitting the modeling results into the
experimental results, as listed in Table 2.
2.10 Actin cytoskeleton reorganization under electric
field
Exposure to electric field caused the reorganization of the cell
cytoskeleton structure, especially actin distribution. To examine
further the changes in the cytoskeleton structure after electric
field exposure, we observed the changes in F-actin structure via
immunofluorescence microscopy. As shown in Fig. 7, F-actin
filaments were distributed within the largest periphery in the
control group, and the distribution decreased as the electric field
intensity was increased. Under an electric field of 20 V, few F-
actin filaments existed in the cells, indicating that enhanced
electric field can substantially decrease F-actin density. These
findings agreed with previous results that an increased electric
field can reduce the stiffness of NB4 cells because actin is the
most important cytoskeleton component that determines the
mechanical properties of NB4 cells [11].
2.11 Alteration of biological properties in relation
to mechanical property change
Gene expressions which indicate the biological properties var-
iation were tested using real-time PCR. The gene expression
levels of β-actin, Bcl-2, and CXCR4 were measured. The
expression of these four genes can be used to identify some
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Fig. 6 Force–deformation relationship obtained by stretching
experiments and modeling approach
Fig. 5 Gene expressions of NB4 cells after electrical stimulations
Table 2 Structural parameter estimation of the actin cytoskeleton of
NB4 cells treated by electric field stimulation extracted based on the
model
F-actin structural parameter Control 5 V 10 V 20 V
External radius (Rex) 7.33 μm 7.49 μm 7.46 μm 7.60 μm
Internal radius (Rin) 6.73 μm 6.89 μm 6.91 μm 6.93 μm
F-actin density (CAF) 74.4 μM 73.8 μM 71.2 μM 70.5 μM
Crosslink density ratio (R) 0.02 0.02 0.02 0.02
Number of F-actin in
the network (NA)
87532 83107 78891 72563
Persistence length (Lp) 3 μm 3 μm 3 μm 3 μm
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typical biological properties of cells. β-actin is highly in-
volved in cell motility, structure, and integrity, and its overex-
pression is closely associated with cancer metastasis [27]. Bcl-
2 plays an important role in cell apoptosis induced by antican-
cer agents, and its overexpression has been reported in many
cancer types [6, 9]. High cell surface expression of CXCR4
has been associated with the metastatic activity of tumor cells.
Cellular signaling between CXCR4 and its ligand can substan-
tially affect tumor growth, cell migration and invasion, and
metastasis [12, 20].
As shown in Fig. 8, the expression levels of β-actin, Bcl-2,
and CXCR4 were all high in the control and 5 V-treated sam-
ples and relatively low in the 10 V- and 20 V-treated samples.
The expression levels of all three genes were relatively the
same for the control and 5 V-treated samples, sharply de-
creased when the electric field was increased to 10 V, and then
remained at a relatively steady range at 10 and 20 V. These
findings indicate that electric field exposure can substantially
change the biological properties related to cell motility, struc-
ture, apoptosis, migration, invasion, and metastasis of NB4
cells. Exposure to electric field with voltages ranging from 5
to 10 V caused the largest variation in the biological properties
of the NB4 cells.
3 Conclusions and future work
The work presented a quantitative investigation of the changes
in cell biological functions in relation to the changes in cell
mechanical properties. Cell stiffness decreased after electric
treatment, which corresponded to the change in the F-actin
cytoskeleton structure of the cells. This change in cell me-
chanical properties may led to the variation of gene expression
related to cell motility, structure, apoptosis, migration, inva-
sion, and metastasis.
This research laid a solid foundation to further obtain
targeted alternation of the biological behavior of cells by in-
ducing specific change in the mechanical properties of cells.
As reported in our work, the expression levels ofβ-actin, Bcl-
2, and CXCR4 dropped rapidly as the electric field intensity
was increased from 5 to 10 V. Then, we can determine the
exact range of electric stimulation in which a certain gene,
such as CXCR4, will exhibit the most significant variation
of expression level and translate the specific stimulation range
into cytoskeleton mechanical parameters. Also, we may ob-
serve changes in the biological behavior, such as metastatic
activity or migration and invasion, of cancer cells by further
changing cell mechanical parameters in the obtained range
Fig. 7 Confocal images of the F-actin structure of NB4 cells in control, 5-
V, 10-V, 20-V treatments (upper: control left, 5 V right, lower: 10 V left,
20 V right)
Fig. 8 Gene expression results of
the gene expression of EF-treated
and control NB4 cells
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through electric stimulation, drug treatment, and substrate
stiffness variation.
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